Intraspecific encephalization of the lion and the tiger is investigated for the first time using a very large sample. Using cranial volume as a measure of brain size, the tiger has a larger brain relative to greatest length of skull than the lion, the leopard and the jaguar. The Asian lion has a relatively much smaller brain compared with those of sub-Saharan lions, between which there are few differences. The Balinese and Javan tigers had relatively larger brains compared with those of Malayan and Sumatran tigers, even although these four putative subspecies occupy adjacent ranges in south-eastern Asia. Differences in brain size do not appear to correlate with any known differences in behaviour and ecology and, therefore, may reflect only chance differences in intrageneric and intraspecific phylogeny. However, captive-bred big cats generally have a reduced brain size compared with that of wild animals, so that an animal's life history and living conditions may affect brain size and, hence, functional or environmental explanations should be considered when linking brain size differences to intraspecific phylogenies.
INTRODUCTION
Brain size in vertebrates, especially mammals, has consistently been a provocative and revealing subject for scientific investigation and public interest. Previous research suggested the existence (and absence) of correlations between variables derived from mammalian brain size and body size, evolutionary stage, behaviour, ecology, life history, domestication, captivity and taxonomy (Jerison, 1973; Radinsky, 1978; Gittleman, 1986a Gittleman, , 1994 Pagel & Harvey, 1988; Kruska, 1989; Hemmer, 1990; Iwaniuk, Pellis & Whishow, 1999; Bush & Allman, 2004; Pérez-Barbería, Shultz & Dunbar, 2007) . Most studies tried to identify general trends in and the biological relevance of 'encephalization' in a wide range of species, although each species may be represented by only a few specimens. In contrast, less attention has been paid to finer-scale investigations of encephalization within single species, or between closely related species, based on large samples. Furthermore, studies on intraspecific brain size have been conducted mainly on humans or domesticated mammals, sometimes compared with their wild ancestors (Kruska, 2005) , and few have focused exclusively on wild species.
It has been suggested that detailed research on brain size in single or closely related species could contribute to increasing understanding of evolutionary biology, such as inter-and intraspecific variation, including domestication (Hemmer, 1990; Kruska, 2005 ). However, a major problem constraining research on intraspecific relationships between brain-and bodysize parameters may be that many body-size parameters cannot be measured or estimated as accurately, or in a biologically meaningful way, as can those of brain size (Radinsky, 1978; Bininda-Emonds, 2000) . There are practical difficulties in obtaining accurate individual body-size measurements, especially for large species, owing to natural fluctuations (e.g. seasonal and diurnal weight changes), measurement errors (e.g. measured in different ways or by different people) and problematic estimates (e.g. using an arbitrarily chosen population to represent a species or unassociated data for brain size and body weight) (Radinsky, 1978; Eisenberg, 1981; Bininda-Emonds, 2000) . In reality, accurate and biologically meaningful measurement data are unavailable for many wild species in the field and alternative readily available parameters must be sought with which brain size can be compared. Skulls are common in museum collections, they can be measured repeatedly with a high degree of accuracy and skull size is often used in encephalization research (Schauenberg, 1971; Wayne, 1986; Yamaguchi et al., 2004) .
Here, we investigate for the first time, using very large sample sizes, the intraspecific relationship between endocranial volume and skull size (greatest length of skull) of the lion (Panthera leo) and the tiger (P. tigris), with consideration of intraspecific variation and differences between wild and captive animals. We also compare their endocranial volumes with those of the closely related leopard (P. pardus) and jaguar (P. onca) to allow for a better understanding of their intrageneric phylogeny.
MATERIAL AND METHODS
Endocranial volume (cv; cm 3 ) and greatest length of skull (gl; mm) were measured for 370 lions, 225 tigers, 32 jaguars and 42 leopards from European museum collections. A skull was classified as juvenile if the cemento-enamel junction of any permanent canine was not clearly visible above its alveolus. If these junctions were visible and yet the basioccipitalbasisphenoid suture and/or frontal suture were still open, a skull was classified as subadult. If these sutures were closed, a skull was classified as adult. Only adults and subadults were analysed, owing to small sample sizes for juveniles. Based on museum labels, lions and tigers were categorized for sex, geographical origin, putative subspecies (Hemmer, 1974b; Mazák, 1981; Nowell & Jackson, 1996; Luo et al., 2004) and whether of wild or captive origin.
Greatest length of skull (from prosthion to inion) was measured using metal callipers to the nearest 0.05 mm (see Barnett et al., 2008) . The cranial cavity was cleaned and filled with glass balls of c. 4 mm diameter, which were then either weighed using an electronic balance to the nearest 1 g or measured using a plastic cylinder to the nearest 1 cm 3 . Weights were converted into volumes using the equation: volume = 0.633 ¥ weight + 0.939 based on linear regression coefficients (R 2 = 1.000, d.f. = 1, F = 24172.7, P < 0.001). The coefficient of variation for greatest skull length was 0.04 ± 0.01% (mean ± standard error, N = 5 skulls with three repeats each) and that for the cranial volume was 0.35 ± 0.08%. We are not aware of a widely accepted standard concerning accuracy, reliability and consistency of measurement and therefore follow Yamaguchi et al. (2004) in accepting a cut-off of less than 2% coefficient of variation for using measurements and volumes in subsequent analyses, which both measurements met. Data were log-transformed (ln) and regression lines were calculated. Residuals between data points and regression lines were analysed. All statistical analyses were carried out using SPSS (SPSS Inc., Chicago, IL, USA) and statistically significant differences were detected using ANOVA.
RESULTS
Greatest lengths of skull (mm), cranial volumes (cm 3 ) and Schauenberg's indices (Schauenberg, 1969: greatest length of skull/cranial volume) for all four species of big cat are summarized in Table 1 . The relationship between greatest lengths of skull and cranial volumes is shown in Figure 1 BIG CATS' BRAIN CASE SIZE 87 P < 0.001) and for jaguars was ln(cv) = 0.680
The intraspecific regression line for lions was ln ( Fig. 4 ]. However, owing to the small overall sample size (N = 39), the average residual of captive animals may have been lowered by the eight Asian lions, which had the lowest average residual (Fig. 4) . Additionally, the eight Barbary lions (leo) were all captive, potentially causing sampling bias. When only known-origin sub-Saharan lions were included in the analysis, the difference between captive and wild individuals was still statistically significant Table 2 . Whilst captive animals had significantly greater Schauenberg indices (i.e. smaller brains relative to skull size) than those of wild subSaharan lions (male d.f. = 1 F = 15.44 P < 0.001, female d.f. = 1 F = 7.88 P = 0.006), Asian lions showed the opposite trend (see Table 2 ). Residuals from pooled data for both sexes were significantly greater (i.e. larger brain size relative to skull size) for captive vs. However, there was no significant difference between the six continental subspecies (wild only: d.f. = 5, F = 0.08, P = 0.996), but there was between the three Sunda Islands subspecies (wild only: d.f. = 2, F = 11.16, P < 0.000). Actual values for adult tigers from the Malay Peninsula and Sunda Islands are summarized in Table 3 .
DISCUSSION BRAIN SIZE IN THE GENUS PANTHERA
The results clearly demonstrate that the tiger has a larger cranial volume for its skull size than do the lion, the jaguar and the leopard. As a result, a small tiger skull can be easily distinguished from either a large jaguar or leopard skull based on its cranial volume (see Fig. 1 ). Our results are broadly consistent with those of Eisenberg (1981) the jaguar), which are largely based on previous literature. The encephalization quotient (the ratio between observed and expected brain weights for a defined body weight) of the tiger (1.35) is greater than those of the leopard (0.85) and the lion (0.57-0.83), but that of the jaguar (1.36) is greater than expected compared with our results, which are based on skull size instead of body weight (Eisenberg, 1981) . Although we could not measure actual brain size (e.g. brain weight), endocranial volume is commonly used as an acceptable estimator of brain size for many mammals, including carnivorans (Gittleman, 1986a). Also, Röhrs & Ebinger (2001) suggest that closely related species (e.g. congeneric) tend to show similar ratios between brain and brain-case size. Therefore, we consider that the results reflect differences in actual brain size of the four closely related big cat species. We are not aware of any behavioural, ecological or sociobiological characteristics that distinguish the tiger from the other three Panthera species for which we have data -in fact, the lion might be regarded as unique, especially with regard to sociality (Nowell & Jackson, 1996; Sunquist & Sunquist, 2002) . Encephalization and sociality in carnivores have been discussed previously (Hemmer, 1978a, b; Gittleman, 1986a Gittleman, , 1994 Pérez-Barbería et al., 2007) . Although Hemmer (1978a) suggested that social species had proportionally larger brains, this was refuted by Gittleman (1986a) based on a larger sample size. Our results also do not support Hemmer's (1978a) suggestion concerning the four big cat species, which probably shared a common ancestor c. 3.7 million years ago (Johnson et al., 2006) . (2) 289.8 ± 10.38 267.5 ± 8.50 1.086 ± 0.073
(except for
Mean ± standard error, and sample size (N) are shown and animals are further classified as males and females.
One of the few studies reporting correlations between life history parameters and brain size suggests that, amongst orang-utan species (Pongo pygmaeus and P. abelii) and subspecies (P. pygmaeus sspp.), a shorter interbirth interval correlates with smaller brain size (Taylor & van Schaik, 2007) . Therefore, Gittleman's (1986b) general study of carnivorans gives the lion's interbirth interval as 25 months, the leopard's as 24 months and the tiger's as 32 months, which might explain differences in brain size. However, Gittleman's (1986b) data need careful re-evaluation. For example, Nowell & Jackson (1996) gave a range of 11-25 months (N = 38) for the lion's interbirth interval, an average 15 months for the leopard's and 20-24 months (N = 7) for the tiger's. There appears to be no convincing evidence that the tiger has a longer interbirth interval than the lion's.
There is a popular notion that tigers are 'bigger' than lions (e.g. Sunquist & Sunquist, 2002) . Hemmer (1974a) suggested that the tiger has a relatively smaller head (skull length) for its body size (headand-body length) than either the lion or the leopard, both of which possess similar head-to-body ratios. Therefore, the tiger's relatively bigger brain size may reflect its bigger body compared with that of the lion, which has a bigger skull relative to its body size. However, careful re-evaluation of original field data and relatively well-documented hunting records does not support this popular notion. The modern wildliving tiger has an estimated average body weight (i.e. excluding stomach contents) of c. 160 kg for adult males and c. 115 kg for adult females, whilst modern wild-living lion weigh c. 175 kg (males) and c. 120 kg (females), where 'average' is the mean body weight of commonly recognized putative subspecies (Yamaguchi, 2005a, b; Kitchener & Yamaguchi, in press ). Therefore, we conclude that the tiger has a relatively bigger brain than the lion's (by c. 16%), given their very similar average body sizes.
However, the brain size to skull size ratios of the lion, the jaguar and the leopard are similar. These three species are phylogenetically closer to each other than to the tiger, sharing a common ancestor c. 2.9 million years ago (Johnson et al., 2006) , and our results may reflect this phylogenetic relationship more than any functional explanation. Additionally, the general shape of the brain is slightly different amongst extant felids, such that relatively larger brains have a more globose shape (Radinsky, 1975) . The tiger's skull is more globose than the lion's (Haltenorth, 1937; Pocock, 1939) and this may relate to brain shape, which in turn results in differences in relative brain size. However, the main question still remains -why did the tiger evolve a relatively bigger brain (or why did the other species evolve smaller brains) after the tiger's ancestor split from the ancestor to the other three species? Alternatively, can such a difference be explained by intrageneric variation or merely by chance? Answers to these questions might be found by analysing similar data from their fossil relatives and smaller members of the Pantherinae (e.g. snow leopard, P. uncia, and clouded leopards, Neofelis spp.), as well as a comparative anatomical study of which parts of the brain contribute to overall differences in brain size between lions and tigers.
INTRASPECIFIC VARIATION
There is significant variation in brain size between commonly recognized putative subspecies of the lion and the tiger. This is comparable with that described for orang-utans (Taylor & van Schaik, 2007) . The Asian lion has a relatively small brain compared with those of sub-Saharan lions, whose brain sizes are similar. Although the Barbary lion also had a relatively small brain, all the skulls in this study are from captives and so it is not clear whether this was characteristic of wild Barbary lions. However, mtDNA shows that the Barbary lion is phylogenetically closer to the Asian lion than to sub-Saharan lions (Barnett et al., 2006a, b) . Therefore, the relatively small brain sizes of these two subspecies may reflect this close phylogenetic relationship.
There are interesting differences in brain size between putative tiger subspecies from the Malay Peninsula and the Sunda Islands. Tiger populations in this region have been connected to each other intermittently, owing to sea-level changes associated with glacial-interglacial oscillations, and the effects of the gigantic Toba eruption c. 75 000 years ago (Kitchener & Dugmore, 2000; Kitchener & Yamaguchi, in press ). This area has tigers with both the relatively biggest (Balinese and Javan tigers) and smallest (Sumatran and Malayan tigers) brains, compared with those of other continental subspecies, whose brains are similar to each other's (Table 3 , Fig. 5 ). Differences between the three adjacent island subspecies are notable, because, based on skull morphology, Mazák & Groves (2006) suggested that Balinese and Javan tigers are closer to each other than to the Sumatran tiger. Our results appear to be consistent with those of Mazák & Groves (2006) suggesting tentatively that past geological events resulted in two distinct tiger lineages in the Malay Archipelago, with a possible boundary between Sumatra and Java. However, further evidence is required; for example, ancient biomolecular research on Balinese and Javan tigers, in order to ascertain whether brain size differences amongst Sunda Islands tigers reflect their intraspecific phylogeny. (Hemmer, 1990; Kruska, 2005) . It has also been suggested that the small brains of domesticated animals are genetically determined -for example, when wolves (Canis lupus) and poodles (C. familiaris) were hybridized experimentally, the resultant offspring had intermediate brain sizes -and therefore are the result of artificial selection (Kruska, 2005) . Our results show that captive lions and tigers tend to have smaller brains (c. 3.5-10.5% actual volume without standardizing for the skull size -see Table 1 ) than those of wild ones. Although we do not know for how many generations these animals have been bred in captivity, we assume that animals with known geographical origins are probably wild-caught, although they may have been reared in captivity, which could have affected their skeletal development. If so, most captive animals in this study are wild-caught and statistically significant decreases in relative brain size occurred within animals' lifetimes. Hollister (1917) observed that four wild-caught, captive-reared East African lions had smaller brains (by c. 20% actual volume) than six wild lions of similar ages from similar locations. Therefore, a substantial reduction in brain size may occur in captive-reared wild animals without genetic change.
Our results also suggest an unexpected contrast between Asian and sub-Saharan lions, which may relate to a possible effect of captivity on their brain sizes. Captive Asian lions have larger brains than those of wild ones, whilst sub-Saharan lions show the opposite tendency. This observation may be the result of the small sample size for the Asian lion, even although we measured most known Asian lion skulls in European museum collections. It is suggested that food availability may affect brain size amongst orang-utan populations; for example, female orang-utans living in resource-poor environments appear to have the smallest brains (Taylor & van Schaik, 2007) . However, the estimated population density of the only remaining Asian lion population in the Gir Forest is c. 7/100 km 2 , which is comparable with the upper range of those in sub-Saharan Africa (Nowell & Jackson, 1996) , thereby precluding the possibility that Asian lions are living in a poor environment. However, we speculate that wild Asian lions are living in an environment where (unidentified) factors reduce brain size and they are (partially) released from these factors in captivity, in spite of other (again unidentified) factors in captivity reducing substantially the brain sizes of sub-Saharan lions. Examining skulls of animals from different putative subspecies, which are reared in very similar captive conditions, would provide useful information.
